background: Protamine content is necessary for proper sperm chromatin condensation and subsequent male fertility. The exact effect of smoking on male fertility remains controversial. The objective of this study was to evaluate the effect of smoking on protamine content of sperm in smoker and non-smoker patients.
Introduction
Human beings and other mammals express two protamines, protamine 1 (P1) and protamine 2 (P2). They are the most abundant nuclear proteins present in human sperm (Aoki and Carrell, 2003; Carrell et al., 2007) . They occur normally in a strictly regulated 1/1 ratio (Corzett et al., 2002) and replace most of the histones, i.e. 85-90% (Li et al., 2008) . Protamines are a diverse family of small and highly basic proteins (5 -8 kDa) which are about half the size of a typical histone. They are positively charged due to the high content of basic amino acids, such as the arginine residues. It had been proposed that the driving forces for this arginine-rich selection could be (i) the DNA-binding function of protamine P1 resulting in a more compact sperm nucleus and (ii) the interaction and strong activation of creatine kinase II in the oocyte by protamine (Rooney and Zhang, 1999) .
In addition, protamines contain a significant number of cysteine residues that are important in the final stage of sperm nuclear maturation as they form multiple inter-and intra-protamine disulfides cross bonds (Loir and Lanneau, 1984) . The formation of these inter-and intramolecular disulphide bonds between cysteine residues strongly stabilizes the nucleoprotamine structure in the sperm nucleus and stabilizes the folding of different protamine domains (Vilfan et al., 2004) .
Therefore, both P1 and P2 are necessary for proper chromatin condensation. Animal models have shown that an insufficiency of P1 or P2 causes infertility in mice and P2 deficiency causes damage of the sperm & The Author 2010. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org DNA and embryo death (Cho et al., 2001 (Cho et al., , 2003 . However, no such studies exist in the human.
The highly positive charge of protamines allows the neutralization of negatively charged DNA, resulting in a high level of compaction in the sperm nucleus. This results in sperm DNA being 6-fold more highly condensed than in mitotic chromosomes (Ward and Coffey, 1991) . This highly condensed structure protects the DNA from oxidative stress and other internal or external factors (Braun, 2001 ) and protects the genetic material during transfer through the male and female reproductive tracts (reviewed by Oliva, 2006) . A defect in spermatid protamination and disulphide bridge formation due to inadequate oxidation of thiol groups will negatively affect sperm chromatin packaging, making sperm cells more vulnerable to reactive oxygen species (ROS) induced DNA fragmentation (Erenpreiss et al., 2006) .
Oxidative stress is caused by an imbalance between the production of ROS and antioxidant capacity of the cell (Sharma and Agarwal, 1996) . Oxidative stress appears to be the major cause of DNA damage in the male germ line (Aitken et al., 2003a,b; Saleh et al., 2003) . Furthermore, many studies have indicated a significant correlation between DNA damage and high levels of ROS in infertile patients (Barroso et al., 2000; Aitken and Baker, 2004) .
DNA damage in the male germ line has been associated with poor sperm quality, low fertilization rates, impaired preimplantation development, increased abortion rates and an elevated incidence of disease in the offspring, including childhood cancer. The exact causes of this DNA damage are still unclear but the major candidates are oxidative stress and aberrant apoptosis (Lewis et al., 2008) . The precise etiology of sperm DNA fragmentation is still poorly understood, but a relationship between cigarette smoking and increased DNA damage in infertile smokers compared with non-smokers has been demonstrated (Zenzes, 2000; Saleh et al., 2003) . Several investigators have now found a link between oxidative stress and sperm DNA damage (reviewed by Tremellen, 2008) .
Cigarette smoking has been associated with significantly increased levels of seminal ROS, which cause oxidative stress (Saleh et al., 2002) . Cigarette smoking may inversely affect sperm quality and decrease the antioxidant activity in seminal plasma (Pasqualotto et al., 2008) . Smoking may induce alterations of the sperm plasma membrane and cause a high degree of DNA fragmentation (Church and Pryor, 1985) . Recent studies have shown that the spermatozoa of smokers have significantly higher levels of DNA fragmentation than those of non-smokers (Sepaniak et al., 2006; Elshal et al., 2009) .
The purposes of the present study were (i) to determine the effect of smoking on sperm chromatin structure by directly quantifying sperm P1 and P2 concentrations in smoker and non-smoker patients, (ii) to evaluate the relationship between smoking and oxidative stress and the effect on DNA protamination and other sperm parameters, (ii) to find out and compare the levels of seminal plasma oxidative stress biomarkers (ROS, and (iv) to analyze levels of the nicotine metabolite, cotinine, in seminal plasma of smokers and non-smokers.
Materials and Methods

Subjects
A total of 116 semen sample from male partners of couples facing infertility who attending assisted reproduction and andrology laboratory at the department of obstetrics and gynaecology, University of Saarland, Homburg/Saar were included in this study. The men included 63 nonsmokers and 53 heavy smokers (.20/day). Information regarding body weight, height, smoking, consumption of alcohol and occupational exposures was obtained from a questionnaire.
Patients were also asked about any history of genital or urinary tract infection or if they had such a history of other conditions such as injury to testes, varicocele, hydrocele, undescended testis or its corrective surgery, vasectomy-reversal surgery or history of any chronic illness such as tuberculosis and mumps or pyospermia, haemospermia or chronic urinary tract infection. These individuals and those with a history of prolonged medication, intake of indigenous medications, consumption of alcohol and occupational exposures to known reproductive toxins or excessive heat were excluded from the present study. In addition, samples with a sperm concentration of less than 10 × 10 6 ml were excluded because they offered insufficient material. This stringent selection was done to exclude as many known co-existing factors as possible from the study groups, since we aimed to study the impact of cigarette smoking on specific aspects of sperm characteristics.
Sperm collection and preparation
Only one sample per patient was included in the study. Semen samples were collected by masturbation after 3 -4 days of sexual abstinence. Samples were collected in sterile containers and allowed to liquefy at 378C for 30 min and processed immediately after complete liquefaction, according to World Health Organization (1999) guidelines as previously described by Hammadeh et al. (2006) . Briefly, semen samples were examined for volume, pH, sperm concentration, sperm motility, sperm vitality, membrane integrity, sperm morphology and presence of agglutination, according to WHO guidelines (World Health Organization, 1999) . All chemicals used in this study were obtained from Sigma, Germany, unless otherwise stated. Sperm vitality was assessed in wet mount smears after supravital staining with aqueous eosin-nigrosin as follows. One drop of semen was mixed on a slide with one drop of 0.5% aqueous yellowish eosin solution and one drop of Nigrosin (10% in distilled water) and covered with a cover slip. After 1 -2 min the spermatozoa stained red (dead spermatozoa) can be distinguished from the unstained spermatozoa (live spermatozoa). Nigrosin was used as a counter-stain to facilitate visualization of the unstained live spermatozoa. On each slide 100 spermatozoa from each semen sample were evaluated. Hypo-osmotic swelling test (HOS-test) was used for assessment of membrane integrity of spermatozoa. A 100 ml sample of sperm suspension was added to 1 ml of hypoosmotic solution (equal parts of 150 mOsmol fructose and 150 mOsmol sodium citrate solutions), followed by 60 min incubation at 378C. After incubation, a minimum of 200 spermatozoa were examined per slide under light microscope and the percentage of spermatozoa that showed typical tail abnormalities (curly tail) indicative of swelling were calculated. The sperm morphology was classified according to the strict criteria described by Krüger et al. (1986) . Also, seminal smears were stained with Papanicolaou staining and analyzed. A total of 100 spermatozoa were scored per slide using bright field illumination with a magnification of ×100 under an oil immersion. At least 10 higher power fields from different areas of the slide were examined.
Liquefied semen samples were loaded onto 45 over 90% discontinuous PureSperm w gradients (Nidacon International AB, Sweden) and centrifuged at 500g for 20 min at room temperature (RT). The pellet containing 20 -40 × 10 6 sperm was washed again with culture media and a few spermatozoa were used for injection (ICSI) or insemination of oocytes (IVF). Both sperm and seminal plasma were aliquoted into storage ampoules and stored at 2808C until the assay was performed (within 3 months).
Assessment of chromatin condensation of spermatozoa
Non-condensed chromatin was measured by chromomycin A 3 (CMA 3 ) staining as previously described by Bianchi et al. (1993) . Briefly, semen aliquots were washed in Dulbecco's Ca -Mg free phosphate buffer saline (PBS) and centrifuged at 300g for 10 min. The spermatozoa were washed, fixed in Carnoy's solution (methanol/glacial acetic acid, 3:1) at 48C for 5 min and then spread on clean slides. The CMA 3 (Sigma, St. Louis, MO, USA) was dissolved in Mcilvaine's buffer (pH, 7.0) supplemented with 10 mmol/l MgCl 2 (17 ml of 0.1 mmol/l citric acid mixed with 83 ml of 0.2 mol/l Na 2 HPO 4 and 10 mmol/l MgCl 2 ) to a concentration of 0.25 mg/ml. Each slide was treated for 20 min with 100 ml of CMA 3 solution in the dark. Fluorochrome was examined using a Zeiss photomicroscope III using a combination of exciter dichromic barrier filter of BP 436/10: FT 580:LP 470. A total of 200 spermatozoa were evaluated on each slide. Evaluation of CMA 3 staining is done by distinguishing spermatozoa that stain bright yellow (CMA 3 positive) from those staining a dull yellow (CMA 3 negative).
DNA fragmentation analysis
DNA fragmentation was assessed using the terminal deoxyribonucleotidyltransferase-mediated dUTP nick-end labelling (TUNEL) assay as previously described (Borini et al., 2006) . The TUNEL assay was performed using the in situ Cell Death Detection Kit following the manufacturer's guidelines (Roche Diagnostics GmbH, Mannheim, Germany). Briefly, semen samples were smeared on microscopic slides, airdried then fixed in 4% paraformaldehyde in PBS, pH 7.4 and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate, pH 6.0. Fragmented DNA was detected by the TUNEL assay kit following the manufacturer's guidelines. For evaluation, a total of 500 spermatozoa were analyzed on each slide, by distinguishing spermatozoa stained bright green (TUNEL positive, fragmented DNA) from those stained dull green (TUNEL negative, with intact DNA). A Zeiss Photomicroscope III was used for the fluorochrome evaluation via a combination of exciter dichromic barrier filter of BP 436/10: FT 580: LP 470. A negative control was performed for each sample by using fluorescein-isothiocyanate-labelled dUTP without enzyme.
Extraction of sperm nuclear proteins
Tail dissociation
Sperm tail dissociation was performed as previously described by Balhorn et al. (1977) , with the following modifications: sperm aliquots were suspended in 0.05 M Tris -HCl, pH 8.0 and 10 mM dithiothreitol (DTT) then hexadecyltrimethylammonium bromide (CTAB) in 0.01 M TrisHCl, pH 8.0 was added to obtain a final concentration of 1% CTAB and incubated at 48C for 30 min. The heads were pelleted by centrifugation at 3000g and washed twice in 1% CTAB in 0.01 M Tris -HCl, pH 8.0 and then with 0.01 M Tris -saline pH 8.0. Pellets were stored at 2808C until they were ready for protein extraction.
Nuclear protein extraction
Sperm nuclear protein extraction of each sample (n ¼ 116) was performed by using an established protein extraction protocol described by Carrell and Liu (2001) with the modifications that the head pellets were washed in washing buffer I [1 mM (mmol/l) of phenylmethylsulfonyl fluoride (PMSF) in distilled water]. After centrifugation at 3000g for 5 min at RT, each pellet was resuspended in 100 ml of washing buffer 2 (20 mM ethylenediaminetetraacetic acid disodium salt (EDTA), 1 mM PMSF in 0.1 M Tris (pH 8.0) and 100 ml of the decondensation buffer 1 (6 M guanidine and 575 mM DTT) was added and mixed, then 200 ml of decondensation buffer 2 (522 mM sodium iodoacetate) was added and mixed.
The mixture was incubated in a dark place at RT for 30 min. After this 1 ml of ice cold ethanol was added and mixed at 2208C for 1 min, then the preparation was centrifuged at 13 000g for 10 min at 48C and the supernatant was discarded. This step was then repeated. The pellet was resuspended in 0.8 ml of denaturing solution (0.5 M HCl), mixed and incubated for 15 min at 378C before centrifugation at 13 000g for 10 min at 48C. The supernatant was transferred to another tube and nuclear proteins were precipitated with 200 ml of 100% trichloroacetic acid (TCA). The final concentration TCA was 20%. The mixture was incubated on ice for 3 min then centrifuged at 13 000g for 10 min at 48C. The supernatant was discarded and the pellet washed twice with 1 ml of washing buffer 3 containing 1% &bgr-mercaptoethanol in 100% acetone. The final pellet was air-dried at 48C overnight and stored at 2208C.
Production of a protamine standard
A human protamine standard was prepared as described by Mengual et al. (2003) . Sperm samples of 20 known fertile donors were pooled to give a total of 1 × 10 9 sperm. Briefly, sperm was suspended in 0.5 ml of the denaturing solution (0.5 M HCl) and incubated at 378C for 15 min to remove other acid-extracted proteins and centrifuged at 3000g for 5 min at RT. The pellets were neutralized with 0.25 ml of washing buffer 2 (20 mM EDTA, 1 mM PMSF in 0.1 M Tris-HCl pH 8.0). The nuclear proteins were extracted as described above. The final protein concentration, containing highly purified protamine, was determined by using the RC DC protein assay kit (Bio-Rad Laboratories, USA) and a serial dilution of standards (0.50, 1.00, 1.50 and 2.00 mg) were loaded in each gel and a standard regression curve was formulated based on the protein concentrations and corresponding densitometry reading from individual bands (Fig. 1) . A minimum R 2 regression value of 0.90 was obtained for each gel (Fig. 2) . Protein concentrations were in ng/10 6 sperm.
Protein extraction control sample
A quality control sample was applied to ensure that protamine quantification could produce valid and reproducible results; the preparation of these samples were as described (Aoki et al., 2005) . Briefly, semen samples were pooled from 20 individuals treated as in the standard preparation. Aliquots of 40 × 10 6 sperm were prepared as described and stored at 2808C. One aliquot was extracted (n ¼ 17) in tandem with test samples for every run following the total sperm extraction protocol. The resulting mean P1 concentration was 402.2 + 49.4 ng/10 6 sperm, the mean P2 was concentration 372.5 + 56.9 ng/10 6 sperm and the P1/P2 ratio was 1.09 + 0.08.
Acid-urea-page, immunobloting and P1 and P2 quantification
Protamine extracts were tested by acetic acid-urea polyacrylamide gel electrophoresis as described by Carrell and Liu (2001) with modifications. Extracted nucleoproteins were dissolved in 80 ml of loading buffer (0.375 M potassium acetate, pH 4.0, 15% sucrose and 0.05% methyl green). The stacking gel was prepared with 7.5% (w/v) acrylamide and 0.8% (w/v) N,N ′ -methylenebisacrylamide solution and 0.375 M potassium acetate (pH 4.0). The separating gel was prepared with 20% (w/v) acrylamide and 0.8% (w/v) N,N ′ -methylenebisacrylamide solution. For both gels, we used 2.5 M urea and 43% acetic acid. In addition, for polymerization, we used 1.6% (w/v) ammonium persulphate for both and 0.5 and 2% (w/v) N,N,N ′ ,N ′ -tetramethylendiamine for resolving and stacking gels, respectively. The gels were pre-run at 200 V, 40 mA for 1.5 h. Nucleoprotein samples were loaded onto the gel and then run at 200 V, 80 mA for 5 -6 h.
Smoking affects sperm P1/P2 ratios The gel was divided into three parts after electrophoresis. One-third of the gel was stained with Coomassie Brilliant Blue (0.2% Brilliant R250, 0.01% Brilliant G250, 50% methanol and 10% acetic acid) (Serva, Germany) and subsequently de-stained in 20% methanol and 10% acetic acid and scanned. The other two parts of the gel were used to identity of the protamine bands using western blot analysis. Gels were transferred to a PVDF-membrane (Roche, Germany) in 0.0009 N acetic acid at 150 mA, 75 V for 2 h and blocked in PBS, pH 7.4, 0.1% (v/v) Tween 20 and 5% (w/v) non-fat dry milk. One membrane was incubated with monoclonal anti-protamine 1 antibody (Hup 1 N) diluted 1:100000. The second membrane was incubated with monoclonal anti-protamine 2 antibody (Hup 2B) diluted 1:500000 overnight at 48C (Both Hup 1N and Hup 2B were generously provided by Prof. Dr Rod Balhorn). Membranes were incubated with the horseradish peroxidase-conjugated goat anti-mouse IgG (Dianova, Germany) antibody diluted 1:10 000 for 1 h at RT. Protamines were detected using the Lumi-light chemiluminescence kit (Roche, Germany). Negative immunoblot controls were performed as above without the primary antibody. Signals for protamines were visualized by using the Enhance Chemiluminescence system (Bio-Rad, Germany) (Fig. 1) .
The intensity of the bands corresponding to P1 and P2 were quantified. P1 and P2 concentrations were calculated from the standard curve generated from the human protamine standard as described above (Fig. 2) . The P1/P2 ratio of each sample was calculated and the mean values were reported (all samples were tested in duplicate).
ROS measurement
The concentration of ROS was measured by a colourimetric assay for the quantitative determination of peroxides in EDTA -plasma, serum and other biological fluids using Enzyme linker immunosorbant assay (ELISA) kit (Oxy Stat; Cat. No. BI-5007 Biomedica Medicine product GmbH & Co KG, Wien, Austria) as previously described by Hammadeh et al. (2008) . Briefly, the peroxide concentration was determined by the reaction of the biological peroxides with peroxidase and a subsequent colourreaction using TMB (3, 3, 5, 5-tetramethylbenzidine) as a substrate. After the addition of the stop solution, the coloured liquid was measured photometrically at 450 nm. A calibrator was used to calculate the concentration of circulating biological peroxides in the sample (one point calibrator). Measurement of the peroxide was performed following the manufacturer's guidelines and the peroxide concentration was calculated according to the equation: and 2.00 mg).
8-Hydroxy-2-deoxyguanosine (8-OHdG) measurement
The 8-OHdG enzyme immunoassay (EIA) kit (Cayman Chemical Company, USA) is a competitive assay that can be used for the quantification of 8-OHdG in urine, cell culture, plasma and other sample matrices. The EIA utilizes an anti-mouse IgG-coated plate and tracer consisting of an 8-OHdG-enzyme conjugate. The 8-OHdG-antibody used in this assay recognizes both free 8-OHdG and DNA-incorporated 8-OHdG. Procedures applied were followed in sequence following the manufacturer's guidelines, briefly: standard concentrations and seminal plasma samples were added into the respected wells in duplicate, then conjugated 8-Hydroxy-2-deoxy guanosine acetylcholinesterase tracer was added followed by 8-Hydroxy-2-deoxy guanosine monoclonal antibody, and the plates were then incubated for 18 h at 48C. The development reagent (Ellman's Reagent) was added to each well and absorbance was read with the ELISA reader at 405 -420 nm.
Measurement of MDA
The level of lipid peroxidation (LPO) in the biological samples (serum, sperm, seminal plasma and follicular fluid) was measured by determining the MDA production, using a modified thiobarbituric acid (TBA) according to the method of Buege and Aust (1978) and Suleiman et al., (1996) . Briefly, 250 ml of seminal plasma was added to 2.0 ml of the TBA -TCA extraction reagent [15% (w/v) TCA, 0.375% (w/v) TBA in 0.25 N HCl (hydrochloric acid)]. The mixture was then boiled in a water bath at 958C for 30 min. After cooling, samples were centrifuged at 3000g for 10 min at RT and then absorbance was measured at 535 nm against a blank. The concentration of MDA (mM) was calculated from the equation of the plotted standard curve. For standard curve preparation (Sangalli et al., 2003) , the same procedures were applied using a 250 ml sample of each standard concentration in duplicate.
Cotinine measurement
The levels of cotinine in seminal plasma were measured using the Calbiotec Cotinine Direct Elisa Kit (Calbiotech, CA, USA) which is designed to detect cotinine in serum, urine and other fluids. Assay procedures were applied according to the manufacturer's guidelines. Briefly, standards, controls and seminal plasma were pipetted into selected wells in duplicate, then enzyme conjugate was then added to each well and the plates were incubated for 60 min in the dark at RT. After washing with distilled water, the substrate reagent was added to each well. After a 30 min incubation at RT in the dark, stop solution was added and absorbance was read at 450 nm. The concentration of cotinine (ng/ml) was calculated against the standard curve generated from the standards supplied in the kit. Samples with concentrations higher than 100 ng/ml were diluted and measured once more.
Statistical analysis
Data from 53 smoker and 63 non-smoker patients were expressed as mean + SD and statistically analyzed using SPSS v. 17.0 for Windows Software Package (SPSS Inc., Chicago, IL, USA). The Kolmogorov -Smirnov test was used to verify a normal or non-normal distribution of values. The non-parametric Mann -Whitney U-test was used to examine differences between samples from smoking and non-smoking patients, and Spearman's test was used to calculate the correlations. The probability value of P , 0.050 was considered significant and P , 0.010 was considered highly significant.
Results
The results of various conventional seminal parameters measured in 53 infertile smokers and 63 non-smokers are summarized in Table I . The age of the patients, semen volume and sperm count did not differ significantly among the groups (Table I) . Cigarette smoking had no apparent effect on semen volume and sperm concentration but tended to reduce other semen parameters. Also, smokers had significantly lower sperm vitality (30.7+16.4%), motility (23.0 + 8.0%), membrane integrity (36.1 + 18.1%) and morphology (23.4 + 10.1%) than non-smokers (38.1 + 17.5%; P ¼ 0.03; 31.3 + 13.6% P ¼ 0.001; 52.9 + 20.1% P ¼ 0.001 and 36.1 + 9.0%, respectively).
P1, P2 and P1/P2 content
The levels of P1 and P2 of 53 smoker and 63 non-smoker samples were analyzed by acid-urea gel electrophoresis and the co-omassie blue-stained protamines bands were quantified by densitometry. The P1/P2 ratios were determined by dividing the intensity of P1 by intensities of the P2 family. The levels of P1 in smokers (411.80 + 108.80) were non-significantly lower (P . 0.050) than that of nonsmokers (420.2 + 95.8). However the levels of P2 were significantly lower (P , 0.050) in smokers in comparison to that of non-smokers (334.7 + 117.7 versus 388.8 + 107.2) ( Table II, Fig. 3 ). The P1/P2 ratios also showed a significant difference (P , 0.010) between smokers (1.34 + 0.46) and non-smokers (1.11 + 0.20) (Table II ,  Fig. 4) .
Correlations between P1, P2 and P1/P2 ratio with sperm chromatin integrity
The mean P1 levels were not found to be significantly (P . 0.050) correlated with non-condensed chromatin (CMA 3 positive), and DNA fragmentation (TUNEL positive) (r ¼ 20.167, r ¼ 20.136, respectively). In addition, P2 levels showed a negative correlation with noncondensed chromatin (r ¼ 20.208, P , 0.050) but DNA fragmentation was not correlated (r ¼ 20.035, P . 0.050). P1/P2 ratios showed a significant positive (P , 0.050) correlation with noncondensed chromatin (r ¼ 0.182), but correlation with DNA fragmentation (Table III) . Significant positive correlations (P , 0.01) were also observed between P1 and P2 (r ¼ 0.623) and negative correlations were found between P2 and P1/P2 ratios (r ¼ 20.638) (Table III) .
Correlations between P1, P2 and P1/P2 ratio with oxidative stress markers
Smoking is correlated with elevated oxidative stress (Saleh et al., 2002) and elevated levels of the nicotine metabolite cotinine. The levels of oxidative stress and cotinine concentration in seminal plasma were analyzed in samples of 31 smokers and 32 non-smokers. In seminal plasma of smokers, MDA (mM) (9.01 + 1.46), ROS (mmol/l) (138.49 + 41.85), 8-OHdG (ng/ml) (2.99 + 1.82) and cotinine (ng/ml) (99.55 + 64.58) were all significantly higher (P , 0.010) than those values observed in the non-smokers group (6.51 + 1.06, 65.74 + 30.16, 0.81 + 0.63 and 2.68 + 2.36, respectively) (Table II) . These findings supported the finding about higher oxidative stress in semen samples of smokers in comparison with that of non-smokers.
Smoking affects sperm P1/P2 ratios The levels of P2 were inversely (P , 0.050) correlated with levels of ROS (mmol/l) (r ¼ 20.299), 8-OHdG (ng/ml) (r ¼ 20.301) and the smoking marker cotinine (r ¼ 20.268, P , 0.05) (Fig. 5 a -c) , whereas a non-significant correlation was detected between the concentrations of P2 and MDA (mM) (r ¼ 20.189, P . 0.050). Significant positive correlations (P , 0.010) were found between the P1/P2 ratios and MDA (r ¼ 0.345), ROS (r ¼ 0.368) and 8-OHdG (r ¼ 0.374) and cotinine (r ¼ 0.411) ( Table III) . The levels of oxidative stress biomarkers did not show correlations (P . 0.050) with the levels of P1 MDA (mM) (r ¼ 20.034), ROS (mmol/l) (r ¼ 20.122), 8-OHdG (ng/ml) (r ¼ 20.161) or cotinine (ng/ml) (r ¼ 20.049).
Correlations between sperm chromatin integrity and oxidative stress parameters
The percentages of sperm with non-condensed chromatin (CMA 3 positive %) and DNA fragmentation were significantly and positively correlated (P , 0.010) with the concentrations of oxidative stress biomarkers in seminal plasma, malondialdehyde (MDA, mM) (r ¼ 0.351; r ¼ 0.517), reactive oxygen species (ROS, mmol/l) (r ¼ 0.510; r ¼ 0.402) and (8-OHdG, ng/ml) (r ¼ 0.432; r ¼ 0.497), and with the smoking marker cotinine (ng/ml) (r ¼ 0.451; r ¼ 0.500) (Table IV) . These findings show the negative effect of oxidative stress and smoking on sperm chromatin integrity.
Furthermore, the smoking marker cotinine (ng/ml) was correlated significantly and positively (P , 0.010) with the oxidative stress parameters MDA (mM) (r ¼ 0.619), ROS (mmol/l) (r ¼ 0.733) and 8-OHdG (ng/ml) (r ¼ 0.761) (Table IV) . These results indicate that smoking induces oxidative stress in seminal plasma. Moreover, the concentrations of ROS showed a significant positive correlation (P , 0.010) with MDA (r ¼ 0.595), and 8-OHdG (r ¼ 0.502). A similar correlation was observed between MDA and 8-OHdG (r ¼ 0.590, P , 0.010).
Discussion
The study of semen parameters such as sperm motility, sperm count and sperm morphology have conventionally been used to assess the semen quality of an individual.
However, none of these measures, alone or in combination, can be considered diagnostic of infertility (Guzick et al., 2001 been under investigation for decades (Soares and Melo, 2008) . Künzle et al. (2003) , when evaluating many men attending a fertility clinic, found that cigarette smoking was associated with reductions in sperm concentration, motility and normal morphology. Gaur et al. (2007) showed that motility is one of the first sperm parameters affected and asthenozoospermia may be an early indicator of reduced semen quality in light smokers (Gaur et al., 2007) . They reported significantly high teratozoospermia in heavy smokers compared with non-smokers.
In a study conducted on fertile men, it was observed that fertile men who were smokers showed reductions in semen volume in comparison with non-smokers, and this reduction in semen volume was in proportion to the number of cigarettes smoked (Pasqualotto et al., 2006 ).
The largest cross-sectional study, including 2542 healthy males, on this issue was carried out and published by Ramlau-Hansen et al. (2007) and it showed that with increasing smoking, a 20-30% reduction in sperm count, volume and motile spermatozoa were observed. A study on voluntary males of reproductive age showed that after ejaculation, sperm motility deteriorated much more rapidly in heavy smokers in comparison to controls (Suleiman et al., 1996) .
However, the exact effect of smoking on male fertility remains controversial. Toxic metabolites in smoke, such as nicotine, carbon monoxide, recognized carcinogens and mutagens such as radioactive polonium, cadmium, benzo(a) pyrene and others have been demonstrated to be negatively associated with the normal development of male and female gametes and embryos (Kumosani et al., 2008; Thompson and Bannigan, 2008) . Also, direct exposure of spermatozoa to the toxins in cigarettes smoke probably tilts the delicate balance of ROS that are produced by spermatozoa for their special functions like capacitation and acrosome reaction. Increased quantities of ROS have been shown to be detrimental to the DNA of spermatozoa, thus producing a negative effect on the viability and morphology of spermatozoa (Koksal et al., 2003) . In the present study, it was found that cigarette smoking had no apparent effect on semen volume and sperm concentration but tended to reduce other semen parameters. Smokers had significantly lower sperm vitality, motility and membrane integrity than did non-smokers. In addition, the percentage of sperm cells with normal morphology in smokers was significantly lower than in non-smokers.
The exact molecular mechanisms for these effects are not well understood (Arabi and Mosthaghi, 2005) . Animal models using rats linked the reduction of sperm developmental processes and fertility with mutagenic components of smoke (Sorahan et al., 1997) . These metabolites may cause deficiencies in spermatogenesis and chromatin condensation and reductions in sperm motility and the number of germ cells (Yamamoto et al., 1998) , as well as induction of apoptosis in the genital cells of the rat testes (Rajpurkar et al., 2002) , a secretory deficit of Leydig and Sertoli cells (Kapawa et al., 2004) or impairment of testicular histology (Ahmadnia et al., 2007) .
Different groups have studied sperm DNA fragmentation in smoking and non-smoking men from infertile couples. An increased rate of sperm DNA fragmentation in smokers was found in preand post-swim-up samples (Sepaniak et al., 2006; Viloria et al., 2007) . The protamine deposition can also be incomplete in smokers, resulting in ratios of histone to protamine and of protamine 1 to protamine 2 that differ from the normal. Both types of defects in spermiogenesis are associated with subfertility or infertility (Aoki et al., 2006a,b; Oliva, 2006) .
Numerous studies, however, have demonstrated that male infertility is associated with an abnormal histone to protamine ratio (Zhang et al., 2006) and an aberrant P1/P2 ratio at both the protein level in ejaculated spermatozoa (Belokopytova et al., 1993) and at the mRNA level in testicular spermatids (Steger et al., 2003) .
In the present study the concentrations of P2 were lower in smokers than in non-smokers. In contrast, the P1/P2 ratio was significantly higher in the smokers. These results show a negative effect of smoking on the process of protamination. Under-expression of P2 seems to be the critical change with smoking and the reason for the high P1/P2 ratios in smokers. ratios of both smokers and non-smokers of patients. P1/P2 ratio was significant higher in smokers in comparison to non-smokers (1.34 + 0.46, 1.11 + 0.20, P , 0.010).
Smoking affects sperm P1/P2 ratios These results support the hypothesis that subfertility in general, and smoking in particular, increases sperm susceptibility to chromatin abnormalities and fragmentation, which is in agreement with other studies. Some reports have shown that abnormal elevation of the P1/P2 ratio of infertile male populations is due to reduction of P2 expression in infertile men (Carrell and Liu, 2001; Aoki et al., 2005) . De Yebra et al. (1993) and Carrell and Liu (2001) showed a complete absence of P2 in some cases of infertile men.
Findings from the present study demonstrate that the concentrations of ROS were significantly higher in smokers compared with non-smokers. Also, ROS concentrations in seminal plasma showed significantly positive correlations with P1/P2 ratios and with the smoking marker cotinine in seminal plasma, but a negative correlation with P2 in spermatozoa. Armstrong et al. (1998) showed that seminal oxidative stress is correlated with impairment of sperm metabolism, motility and fertilizing capacity. Oxidative stress occurs in seminal plasma of male smokers with increased levels of seminal ROS (Saleh et al., 2002) and with increases in the concentrations of cadmium and lead (Kiziler et al., 2007) and with decreases in the concentration of ascorbic acid and the activity of other components of the antioxidant defence mechanism (Mostafa et al., 2006; Pasqualotto et al., 2008) .
Infertile men who smoke have higher levels of seminal oxidative stress indicators than infertile non-smokers (Saleh et al., 2002) . Oxidative stress has been shown to be a major cause of male infertility; a large proportion of infertile men were shown in one study to have elevated levels of seminal ROS (Agarwal et al., 2005) . ROS causes oxidative damage to normal sperm DNA, proteins and lipids, which may be related to sperm abnormalities (Moustafa et al., 2004; Aitken and Baker, 2006) . Moreover, plasma membranes of spermatozoa, whose physically properties and functional integrity largely determine motility and fertilizing ability, hold a large amount of polyunsaturated fatty acids, prone to oxidative injury, whereas the cytoplasm contains low concentrations of antioxidant enzymes (Velando et al., 2008) .
LPO of the high levels of polyunsaturated fatty acids in the sperm membrane is considered to be the key mechanism of this ROS-induced sperm damage, leading to decreased sperm motility, viability and increased morphology defects, with deleterious effects on sperm capacitation and the acrosome reaction (De Lamirande and Gagnon, 1995; Dandekar et al., 2002; Agarwal et al., 2005; Aitken and Baker, 2006) . In the present study, the finding that MDA levels (an LPO biomarker) were significantly higher for smokers than for non-smokers and that MDA significantly correlated with levels of cotinine, ROS and 8-OHdG suggests that higher levels of MDA resulted from smoking-induced ROS. This is in agreement with other previous reports by Mostafa et al. (2006) . In addition, a negative correlation between MDA with P2 levels and a positive correlation of MDA with P1/P2 ratios demonstrates the inverse relationship between LPO and protamination of sperm chromatin and indicates that P2 is more affected by MDA than is P1.
Oxidative stress (ROS) may cause several forms of sperm DNA damage such as chromatin cross-linking, chromosome deletion, mutations, DNA strand breaks, base oxidation and other lethal genetic effects Tominga et al., 2004) . ROS may also induce apoptosis through cytochrome c release from mitochondria and caspases 9 and 3 activation, which result in high frequencies of single-and double-stranded DNA breaks (Agarwal and Allamaneni, 2004; Said et al., 2004) . Therefore, in the context of male infertility, seminal plasma oxidative stress, sperm DNA damage and apoptosis are linked and constitute a unified pathogenic molecular mechanism (Agarwal et al., 2005) r ¼ correlation and P ¼ P-value. P , 0.050 was considered significant (*) and P , 0.010 was considered highly significant (**).
DNA damage in sperm may arise from several sources: firstly, improper packaging and ligation during sperm maturation (Sailer et al., 1995) ; secondly, oxidative stress and the increased levels of specific forms of oxidative damage such as 8-hydroxydeoxyguanosine in sperm DNA supports such a theory (Shen and Ong, 2000; Aitken and De luliis, 2010) and thirdly, induction of DNA fragmentation due to apoptosis (Sakkas et al., 2002 (Sakkas et al., , 2010 .
In the present study, the finding that 8-OHdG levels (an oxidative stress biomarker) were significantly higher for smokers than for nonsmokers and that 8-OHdG significantly correlated with cotinine, ROS and MDA suggests that higher levels of 8-OHdG resulted from smoking-induced ROS, that is associated with abnormal chromatin organization and DNA strand breaks leading to male infertility. Moreover, a significant negative correlation between 8-OHdG and P2 levels and a positive correlation with P1/P2 ratios demonstrated the relationship between DNA oxidative damage induced by smoking and abnormalities in the protamination of sperm chromatin.
In human sperm DNA, substantial oxidative modification in 8-oxo-2 ′ -deoxyguanosine (8-OxodG), at the level of 2-4 per 100 000 deoxyguanosines has been demonstrated (Fraga et al., 1996, Shen and Ong, 2000) .
The level of 8-OxodG in sperm DNA has been reported to be increased in smokers and the level correlated negatively with the seminal plasma concentration of vitamin C (Fraga et al., 1996; Shen et al., 1999) . This modification could be a marker of oxidative stress in sperm which could also have negative effects on sperm function (Shen et al., 1999; Shen and Ong, 2000) . The levels of DNA damage recorded in both unselected donors and patients attending an assisted conception clinic were highly correlated with the appearance of a marker for oxidative DNA damage, 8-hydroxy, 2 ′ -deoxyguanosine (De luliis et al., 2009) . DNA damage in the male germ line is the result of a programmed senescence pathways, oxidative DNA base damage and unresolved DNA strand breakage (Aitken and De luliis, 2010) . Damage to the sperm nuclear proteins may prevent binding of protamines to sperm DNA increasing the susceptibility of the DNA to damage (Aoki et al., 2006a) . Moreover, oxidative stress may affect the levels of protamine through influencing the spermatogenesis process. Proteins are one of the prime targets for oxidative damage (Jung et al., 2007) , and cysteine residues are particularly sensitive to oxidation because the thiol group (2SH) in cysteine can be oxidized Figure 5 (A-C) Scatter plot of correlation between concentrations of ROS (mmol/l), 8-hydroxy-2-deoxyguanosine (8-OHdG) and cotinine (ng/ ml), respectively, in seminal plasma and the concentration of protamine 2 (ng/10 6 sperm) in the sperm of smokers, non-smoker and total population.
In both groups, significant negative correlations were illustrated (r ¼ 20.299, r ¼ 20.301, r ¼ 20.268, respectively P , 0.050).
Smoking affects sperm P1/P2 ratios (Eaton, 2006) . Disturbances of the redox ratios in plasma increase the vulnerability of thiol groups to oxidative damage (Kemp et al., 2008) . Due to the fact that protamines are rich in cysteine which is rich in 2SH groups, they are susceptible to oxidation, and high levels of oxidative stress components may affect the formation of inter-and intramolecular disulfide bonds, resulting in less compaction of the sperm chromatin and a higher incidence of DNA damage. Cotinine concentrations in seminal plasma are considered as a biomarker for smoking. A significant negative correlation was detected with P2 levels in spermatozoa, and a significant positive correlation was detected with P1/P2 ratios. This is the first study conducted to evaluate the effect of smoking on the protamination process. It demonstrates the negative effect of smoking on protamination of sperm chromatin and indicates that the reason for higher P1/P2 ratios in smokers is the under-representation of P2, suggesting that smoking may affect P2 expression greater than P1. Lewis et al. (2003) studied the evolution of protamines and found that P2 gene is more recently derived than P1 and highly variable within the mammalian genome. Also, incomplete post-transitional processing of protamines may result in an under-representation of P2 and an increase in P2-precursors (De Yebra et al., 1998; Carrell and Liu, 2001) .
Smoking affects either the structure of protamines or their binding to DNA or affects sperm DNA directly through increasing oxidative damage. Smoking itself may be a source of ROS and oxidative stress through its metabolites which result in increases in leukocyte production (Potts et al., 1999) . Activated leukocytes are capable of producing 100-fold higher amounts of ROS than non-activated leukocytes (Plante et al., 1994) . Toxic metabolites from smoking also may affect the spermatogenesis process directly (Barratt et al., 2010) .
In conclusion, attention should be focused on the possible role of cigarette smoking on protamine concentrations and ratios in spermatozoa. Taken together, the results of the present study suggest a negative biological effect of smoking on spermatozoa DNA integrity and protamine distribution. Smoking male partners of couples facing infertility should be counselled to stop smoking. P , 0.010 was considered highly significant (**).
